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63. Techniques for Achieving Steady-State
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Howarp E. MarTeNs 48 an Assistant Section Chief in the Materials and Re-
search Section of Jet Propulsion Laboratory. Born in Bloomington, Illinois,
he graduated with a B.S. in Mechanical Engineering from the California Insti-

tute of Technology in 1942.

ABSTRACT

A description is given of various types of equipment
used to reach steady-state temperatures above 1500° C.
Applications and limitations of the equipment are re-
viewed. Among the types of equipment to be con-
sidered are resistance heating, induction heating,
electron beam heating, and arc imaging heating.

INTRODUCTION

The rate of advance of our modern technol-
ogy, as demonstrated throughout this confer-
ence, has been greatly accelerated by our enter-
ing the missile and rocket age, the atomic age,
and now the space age. The advancements in
these areas have certainly taxed the ingenuity
of the engineer and the scientist. One area in
which the rate of advance has been particularly
rapid is that of high-temperature technology.
Here, problems which have arisen are many and
varied. Some of these problems are of interest
primarily to the metallurgist; others relate to
the ceramist, or to the chemist, or to the
physicist, ete.

Since university representatives are likely to
cover all possible fields of interest and since the
amount of material which can be presented is
limited by the space available, this presentation
will have to be of a general nature. As such,
it is likely that it may prove to be disappointing
to some individuals; however, it is hoped that
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what is presented will meet the needs of the
majority group interested in the field of high-
temperature technology.

First, as indicated by the title, this presenta-
tion is to give consideration only to those tech-
niques which are used to achieve steady-state
temperatures as opposed to transient or short-
time temperatures. Second, consideration is to
be limited to temperatures above 1500°C.
These limitations are in no way intended to
evaluate the importance of the other areas, but
are merely used as a means of restricting the
area to be covered to some reasonable size.

Why are temperatures above 1500°C needed ?
If this question had been asked twenty-five
years ago, many engineers and scientists might
have strongly indicated that such temperatures
would not be required, except for very special
studies, for many many years to come. How-
ever, this has not proven to be the case. Rapid
advancements made in the working fluid tem-
peratures of the energy units now in use have
quickly moved from the 500-1000°C tempera-
ture range of the steam and internal combustion
engines, through the gas turbine, the rocket and
the nuclear engine, and it is now commonplace
to consider steady-state temperatures of
2500°C and above. The problems involved in
consideration of such temperatures relate
mainly to the fact that they are well above the
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useful temperature of the commonly available
engineering structural materials, and in many
cases are above the melting point of any known
materials. This is where the ingenuity men-
tioned earlier comes into the picture.

APPLICATIONS OF STEADY-STATE
TEMPERATURES

Aside from the important fact that efficiency
of energy conversion units can be improved by
increasing the operating temperature, steady-
state temperatures above 1500°C must be at-
tained for other applications. Some of the
more important applications are shown in Table
63-1.

TapLe 63-1.—Applications of Steady-State

Temperatures
Material Production_______ Melting.
Sintering.

Hot pressing.

Material Fabrication Forming.
Joining.

Heat treating.

Material Evaluation Testing.

Simulating.

Since very small percentages of the currently
used materials are found in usable condition in
nature, it is necessary that most materials be
produced by chemical processes. Until a few
years ago nearly all materials were produced
by a process which involved melting or a liquid
phase. As the desired usable temperature of
engineering materials increased, so did the melt-
ing point. In those cases where melting was
not a reasonable method of production, the cold
pressing and sintering process was developed
and used. In this process also, the most desir-
able temperature for the sintering process is
generally near the melting point and thus re-
quires steady-state high temperatures. At-
tempts to improve the results of the cold
pressing and sintering process led to the
development of the hot pressing technique,
which again requires high temperatures.

The ability to produce materials which are
useful at temperatures above 1500°C is of value

only if such materials can then be fabricated *
into usable shapes. Unfortunately, it has been
found that most materials with high useful
temperatures also require fabrication at high
temperature. This has meant that forming
processes such as forging, extruding, spinning,
etc., are now being carried on at temperatures
above 1500°C. The complications of our pres-
ent technology have dictated the need for join-
ing of materials, which has led to the develop-
ment of high-temperature brazing and welding
techniques. To achieve the maximum efficiency
from engineering structural materials some
type of heat treating process is normally re-
quired. Here again, high temperatures are
needed.

It is obvious, of course, that production and
fabrication are only a part of the problem of

_using materials at temperatures above 1500°C.
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A third factor, and an important reason for
needing to reach these temperatures under
steady-state conditions, is to allow evaluation
of the materials. It is perhaps in this area that
laboratory techniques for obtaining high tem-
peratures have been most widely used. In
many instances materials which cannot be pro-
duced or fabricated on an acceptable commer-
cial basis are put through a series of tests so as
to determine engineering properties, the idea
being that the results of such tests can be used
to justify the development of production or
fabrication processes. Closely allied to the
high-temperature testing needs is the need to
achieve high temperatures for the purpose of
simulating an actual use condition. In general,
this is more difficult to attain because of the
competing processes involved. It is, however,
an important laboratory technique because of
the savings which result if it is successful.

METHODS OF ACHIEVING HIGH
TEMPERATURES

These, then, are some of the more important
uses of steady-state temperatures above 1500°C.
As might be expected, the methods which can
be used to achieve these temperatures are varied
and complicated. Table 63-IT lists the general
types of equipment which can be used. The
combustion types, which use gas, liquid, or solid
fuel, or some mixture thereof, were among the
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earliest developed, but in many applications
have been replaced by more efficient methods,
especially for temperatures above 1500°C.

TasLe 63-I1.—Methods of Achieving High
Temperatures

Gas.
Liquid.
Solid.

Combustion

Resistance.
Induetion.

Arec.

Imaging.
Electron beam.

Electrical

Nuclear

The most generally used type of equipment
is, of course, electrical, and although its varia-
tions and combinations are far too numerous to
be considered in detail in a presentation such
as this, some of the more widely used types are
listed in Table 63-11 and will be discussed.
(Although nuclear methods are not now fully
developed, we are certainly not far from the
time when it will be possible to use controlled
nuclear processes as a source for steady-state
high temperatures.)

Resistance heating is perhaps the most widely
used of the several electrical types listed. For
this equipment an element in the form of wire,
ribbon, rod, or tube is heated by passing an
electric current through it. The maximum
temperature which can be achieved depends on
the material from which the element is made, as
well as the material used as insulation. Figure
63-1 shows a particular type of resistance
furnace in which oxide elements are used as the
primary source of temperature. It is necessary
that such elements be preheated to a tempera-
ture at which they become conductive. To ac-
complish this, secondary heating elements are
used. If the primary elements are made from
materials such as metals or carbides which are
conductive at room temperature, then the sec-
ondary elements can be eliminated.

There is, of course, a wide variety of materials
which can be used for heating elements. How-
ever, for temperatures above 1500°C the number
is quite limited. The refractory metals or al-
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Fiecure 63-1.—Oxide resistor furnace.

loys, the conductive oxides of zirconium, and
carbon are about the only suitable materials for
this temperature range.

Among the limitations of resistance-type
equipment is the melting point of the heating
element and the supporting material. The life-
time of the heating element is also a limitation.
In some instances heating elements can only be
operated satisfactorily in atmospheres which are
undesirable as far as the work piece is con-
cerned. This means that an atmosphere barrier
has to be placed between the heating element
and the work. Those materials which can be
used for the higher ranges of temperature are in
many cases not available in a variety of shapes
and sizes, so that problems of getting tempera-
ture uniformity are among the limitations. The
versatility and the simplicity of this method are
its major advantages and the reasons for its
widespread use at all temperature ranges.

Induction heating is really one particular
type of resistance heating. However, because
of some basic differences it is generally classed
separately. Figure 63-2 shows one type of in-
duction heating equipment. High-temperature
induction heating is attractive because (1) no
electrical connections are required into the hot
zone, (2) the primary coil can be operated at
high-voltage—low current condition, and (3)
one power supply can be readily adapted to
many heating applications. Since this method
also depends on the heating of a susceptor which
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FioUre 63-2.—Induction furnace.

then reradiates to the work, the limitations
mentioned for the resistance heating also apply
here.

Electric arcs were at one time the main source
of high temperatures for laboratory techniques.
But this method now finds its major use in the
area of melting operations. Figure 63-3 is a
simple schematic drawing of an arc melting
unit. Obtaining temperature control and uni-
formity are two major problems which have
limited the application of this method to areas
such as melting. Recently, the arc heating me-
thod has received a major application in heating
gas streams at high velocities. The so-called
stabilized arc or plasma arc heating of gas
streams to temperatures of 3000°C and above at
supersonic velocities has been advanced to a high
degree of utilization during the past few years.

In an attempt to overcome some of the limita-
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tions caused by the atmosphere in all of the
previously mentioned heating methods, the im-
aging technique has been used for some applica-
tions. Figure 63-4 shows some imaging
methods. In general, two sources have been
used. One of these sources is the Sun, and the
imaging method would be as shown in either
(a) or (b) of Figure 63—4. The other widely
used source is a carbon arc used with the imag-
ing methods shown in (c¢), (d), and (e) of
Figure 634, While the use of the Sun has the
advantages of high temperature, ready availa-
bility, and long-time operation, it is limited by
clouds, atmospheric absorption, and the need
for solar tracking devices. In general, the main
disadvantage of imaging equipment is that the
heated area is small and concentrated, with
rather severe thermal gradients. Techniques
for reducing these gradients have been devel-
oped, but usually at the expense of temperature
and total heat flux. For systems requiring
atmospheric variation, the imaging technique
has much to offer.

Electron bombardment is a recently devel-
oped technique for obtaining temperatures
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FI1cURE 63-3.—Arc melting furnace.
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th a heated filament are accelerated toward an
anode under high voltage. Under these condi-
tions the main energy release is at the anode,
which is heated. The major advantages of this
method are that the currents required are in
CATHODE the range below one ampere and the electron
beam can be restricted as to size and shape by
various focusing methods. One major disad-
vantage is the fact that an evacuated chamber
is required. However, this problem has now
been partly overcome by the development of
electron beam guns which can be separated
from the work anode. Further improvements
will no doubt be made in this method of heating
which will make it a valuable laboratory
technique.

LABORATORY USES OF HIGH TEMPERATURES
/ ARC Asindicated earlier, one of the major labora-

— tory uses of steady-state high-temperature en-
(3 vironments is the evaluation of materials as
[ ] carried out in a testing program. Table 63-ITI
a1 ANODE lists some of the major laboratory uses in this
] specific area.
- : ] Design data and an understanding of the
— - MELT behavior of engineering structural material
5 ] are best obtained from the various types of

mechanical properties tests which have been

e standardized to a certain extent at approxi-
. . mately room temperature. It should be pointed

F 63—4.—Methods of ing high-t t 3
rooRe ¢ Ssoﬂlrcl;l,ag ng Hlgh-temperature out that extending these test procedures to
temperatures above 1500°C can lead to difficul-
above 1500°C. Figure 63-5 shows three appli-  ties which, in many cases, can be overcome only
cations of this method, the principle character- by compromise. Itis perhapsin this particular

istics of which is that electrons emitted from  area that workers in university laboratories

FILAMENT
RADIATION A1 FILAMENT
SHIELDS MOLTEN
wE e
L winoow

(a) {b} (c}

F1eurE 63-5.—Methods of using electron beam heating.

389



LABORATORY TECHNIQUES

TasLe 63-111—ZLaboratory Uses of IHigh

Temperatures
Evaluating mechanical Tension.
properties of Compression.
materials. Torsion.
Creep.
Hardness.

Melting point.
Vapor pressure.

Evaluating physical
properties of

materials. Phase equilibrium.
Reactivity.
Special techniques Microscopy.

X-ray diffraction.

can make a much needed contribution. An
evaluation of the effects of the various compro-
mises on the high-temperature mechanical be-
havior of engineering structural materials is
certainly an area where complete knowledge is
lacking.

The university laboratories have been a major
source of information in the area of material
physical properties (see Table 63-IIT). One
possible reason for this is that in many cases
the information thus obtained is not of direct
application to the engineering use of the mate-
rial but is used mainly to understand and ex-
plain a particular behavior. The difficulties
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encountered in making these property deter-
minations at temperatures above 1500°C are
often greater than those indicated earlier. This
is partly due to the fact that these properties
are more sensitive to small variations in the
material, and careful experimental techniques
are therefore a necessity.

There is also an area of special laboratory
techniques in which steady-state temperatures
are used. The two techniques which are given
in table 63-I1T are intended to serve only as
an example and are not to be considered a com-
plete listing. These techniaues are also utilized
lIargely in university laboratories. However, at
the present time there is a very limited amount
of work done above 1500°C and there is cer-
tainly a need for an expansion of this activity.

As indicated previously, a presentation of
this type has to be general in nature and there-
fore cannot consider specific problem areas. It
is hoped, however, that the need has been dem-
onstrated for university laboratories to develop
rather widespread use of steady-state tempera-
tures above 1500°C so that the research neces-
sary for our advancing technology can be car-
ried out in the highly desirable academic sur-
roundings. While there are problems to be
solved in the development of such capabilities,
a good start has been made toward the
solutions.
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INTRODUCTION

The purpose of this paper is to discuss vac-
uum—what it is, how it is obtained, how it is
used in research, and finally to conjecture about
its future.

Man has already achieved a pressure so low
as to be equivalent to one helium atom in a
space sixteen times larger than our observable
universe, that is, in a sphere whose radius is
10 light years. This unusable vacuum was
attained in a very small volume by the adiabatic
demagnetization of a paramagnetic salt which
was used to lower the temperature of helium
vapor to 0.01°K. At this temperature, physi-
cist Russell Scott (Ref, 1) estimates the vapor
pressure of helium to be 0.3X10-%¢ torr* or
about 10°™ times lower than the vacuum of
interplanetary space, estimated to be 10-*¢ torr.

The magnitude of these numbers is beyond
comprehension. However, some concept of vac-

uum may be grasped by examining table 64-I
(Ref. 2), in which pressure is described in
terms of molecular density and mean free path.
At the beginning of the high-vacuum region
(10-* torr), the mean free path of one molecule
between collisions with other molecules is 5 cm,
and there are 38X 10'®* molecules/cm®. In the
ultra-high region (102 torr) the mean free path
is 5%X10° em or 31,000 mi, and the molecular
density is 30,000 molecules/cm?®.

Before discussing the techniques for reaching
the low pressures of 10-* to 10-** torr, it is ap-
propriate to ask why these techniques were de-
veloped. The vacuum-tube electronics indus-
try furnished the first practical lure to the
development of high-vacuum techniques. Fun-
damental and applied research in the chemistry
and physics of solids gave further impetus to

t After Evangelista Torricelli; equivalent to 1 mm
of Hg.

TaBrLe 64-1.—Characteristics of Vacuum

Atmospheric Start of high- Intermediate Ulira-high vacuum region
pressure vacuum region vacuum
Pressure (Torr) ..o ____. 760 10-3 10-¢ 108 10-10 1012
Mean Free Path of One Mole- 6. 510 B 5X 102 5108 5107 5X10°
cule between Collisions with
other Molecules, ecm.
Number of Molecules per cm.2_ __ 210 3X108 310w 3x108 3x10¢ 3X10¢¢
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this technology. The first large vacuum cham-
bers, other than those used for coating astro-
nomical mirrors, were required by nuclear
physicists. Finally, space exploration prob-
lems have heightened the interest in the produc-
tion and use of high and ultra-high vacuums,

HIGH-VACUUM TECHNIQUES

The first problem confronting the vacuum
technologist is to produce and maintain the de-
sired order of vacuum. In every case,the vacu-
um attained represents a balance between the
pumping capacity and the system gas-load.
The gas-load results from gases adsorbed and

absorbed on system walls and components, plus
in-leakage through seals. An additional gas-
load, significant in the ultra-high region, comes
from the permeability of glass to helium and of
metals to hydrogen. Successful solutions re-
sult when each gas source is minimized. Be-
sides pumping, two other methods are often re-
quired to produce high vacuum, namely, baking
to hasten outgassing, and trapping to prevent
pump-fluid backstreaming.

Figure 64-1, a bar-graph, indicates the order
of vacuum pressure achieved with various types
of pumping. Pumping means which are novel
or rarely used for research, such as catalytic

SINGLE-STAGE MECHANICAL

TWO-STAGE MECHANICAL

ROOTS BLOWER (B

OIL BOOSTER L

TRAPPED OIL DIFFUSION

OIL DIFFUSION

TRAPPED MERCURY DIFFUSION

SPUTTER ION

4 CRYOGENIC

TURBO-MOLECULAR

.

Freure 64-1.—Range chart for various types of vacuum pumping.
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conversion, sorption pumping, and gettering,
are not included. From this chart it is appar-
ent that the high-vacuum region can be reached
with a two-stage mechanical pump. This re-
gion can also be attained by a Roots blower
backed by a mechanical pump, or an oil booster
pump backed by a mechanical pump. To reach
into the very high- and ultra-high-vacuum
ranges, the diffusion pump is used, as are three
more recently developed types of pump, namely
sputter ion, cryogenic, and turbo-molecular
drag pumps.

Diffusion Pump

In spite of the many different methods
available to reach very low man-made pres-
sures, the diffusion pump is the most widely
used. Invented by Gaede in 1915, it used
mercury as the pump fluid. The diffusion
pump, usually with oil as the pump fluid, has
continued to be improved in pumping speed
and efficiency and is available in sizes ranging
from less thain 1 in. to 48 in. in diameter.
Liquid-nitrogen cold traps and molecular sieve
traps have extended its capability into the
ultra-high vacuum range. The ultimate vacu-
um attainable by a diffusion pump alone can
never be better than the vapor pressure of the
pump fluid above the pump inlet. In practice,
effective trapping can suppress the back dif-
fusion of pump fluid vapor so efficiently that the
pressure is lowered by two orders of magnitude.

Mercury diffusion pumps are capable of pro-
ducing a vacuum on the order of 102 torr, ap-
provimately two orders of vacuum better than
achieved with the best oil diffusion pumps. In
addition, mercury in a diffusion pump is slight-
ly more effective for hydrogen than any of the
commonly used oils (Ref. 3). The vapor pres-
sure of mercury at 90°K, attained with a liquid-
nitrogen cold trap, is 3.5X10-% torr (Ref. 4).
With a well-trapped mercury diffusion pump,
a system which is started clean stays clean,
particularly if metal gasketing is used. Im-
provements in trap design, automatic equip-
ment for controling the flow of liquid gases, and
the availability of liquid gases have served to
revive interest in Jlarge mercury diffusion
pumps.
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lon Pump

Ton pumps are also used where a very clean
vacuum is needed and where the processes
carried out in the vacuum chamber do not pro-
duce large volumes of gas. The function of a
sputter ion pump is illustrated schematically in
Fig. 64-2. Electrons are emitted from the
cathode plates and are accelerated toward the
anode. The electrons are made to spiral by a
magnetic field to enhance the probability of
collision with gas molecules. Gas molecules
struck by electrons are ionized and attracted to
the negative collector plates where they are
held by adsorption and in some cases react
chemically with the material of the collector.
The material of the collector plates is usually
titanium. The bombardment of ions “sputters”
the surface to provide fresh layers of metal with
which chemically active gases combine.

It is apparent that the ion pump immobilizes
gases within the system instead of removing
them. Hence, its capacity is limited by satura-
tion of the collecting surfaces. Another
characteristic of the ion pump is that it removes
chemically active gases faster than inert gases,

MAGNET
ANODE

CATHODE

e GAS MOLECULE
o GAS ION
- ELECTRON

FieURE 64-2.—Sputter ion pump (after Steinherz and
Redhead).
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because it pumps the active gases by both
adsorption and chemical reaction. Further-
more, ion pumps re-emit a small fraction of the
gases previously pumped because the ions
reaching the collector surfaces dislodge some
molecules which were already adsorbed. Ion
pumping essentially ceases at 10-2° torr.,

Cryogenic Pump

Cryogenic pumping can create a vacuum be-
low 102 torr, even in large chambers. This
process simply immobilizes gas by condensation
on a very cold surfece. As shown in Fig. 64-3,
a liquid gas (usually helium) is used to cool
the condensing surface. Liquid-nitrogen
cooled radiation barriers limit heat transfer
from the experimental process in the chamber
to the cold wall. The V-shaped baffle-form of
the upper barrier allows molecules to pass.
Cryogenic pumping requires back-up forms of
pumping such as mechanical pumps, blowers,
and diffusion pumps, which may or may not be
valved off, depending on the experiment.

Cold-wall temperatures necessary to produce
a vapor pressure of 107 torr for various gases
to be pumped are shown in Table 64-IT (Ref.
5). It is interesting that even a cold wall at
4° K, attainable with liquid helium, will reduce
the vapor pressure of hydrogen to only 10-7 torr.

Tante 64-I1.—Approximate Cold Wall Tem-
perature Necessary to Attain a Vapor Pres-
sure of 107 torr for Various Gases

Cold wall
Bolling point °K t,em;ge‘r(ature
Hydrogen_________. 20. 39 4
Neon_____________. 27.3 8
Nitrogen___.____.___ 77. 34 24
Carbon Monoxide. .. 81. 66 25
Oxygen. ______._._. 90. 19 27
Carbon Dioxide_____ 194. 68 82
(sublimes)
Water________.____ 373.2 175

The availability of cheap liquid gases has
made cryogenic pumping practicable. This
type of pumping may be advantageous for very
large systems because the pumping speed is
directly proportional to the area of the cold
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Froure 64-3.-—Cryogenic pump (after Steinherz and
Redhead).

wall and is not affected by the conductance of
connecting piping.

Turbo-Molecular Drag Pump

The turbo-molecular drag pump (Fig. 64-4),
a strictly mechanical device capable of produc-
ing a very clean vacuum on the order of 10-1°
torr, has recently become available commer-
cially in this country. It is based on the prin-
ciple of providing a high probability of
molecular flow in one direction by means of
small clearances and proper rotor-stator rela-
tion. The pumping speed for air is virtually

independent of pressure down to 10-*° torr. It
has a good pumping speed for hydrogen to a
pressure on the order of 10-* torr. The develop-
ment of this pump bears watching, although its
usefulness may be limited because it is a high
speed mechanical device and because of its
(present) low capacity.

F16URE 64-4—Turbo-molecular drag pump.
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Traps, Seals, and Baking

Liquid-nitrogen traps of various designs have
been commercially available for some time.
Another form of trapping, now commercially
available, is the molecular sieve trap. It utilizes
stable materials having very low vapor pres-
sures, such as the artificial zeolites or activated
alumina. These materials, which are produced
in porous form with minute pore structures, are
capable of trapping large quantities of gaseous
impurities, although they do not readily ab-
sorb argon and hydrogen. They also provide
a difficult path for surface migration through
the trap. The trap can be reactivated by bak-
ing and pumping. The molecular sieve trap
has become increasingly popular for use in the
foreline piping to reduce backstreaming of
mechanical pump oil into the vacuum chamber
during preliminary evacuation or roughing.

Seal design and gasket materials have a
major influence on the degree of vacuum
reached and maintained. Thermal outgassing
studies, coupled with mass spectrometry for gas
species indentification, have led to the selection
of elastomeric materials for seals which allow
the ultra-high-vacuum region to be reached.
One such material, Viton, a fluoro-elastomer
has low permeability, low outgassing, and al-
lows baking to 200° C.

The process of baking is often combined with
trapped diffusion pumping to break the barrier
between high and ultra-high vacuum when the
process under investigation can withstand the
application of heat. Effective sealing for bake-
out in the range above 200° C., is accomplished
with gold and aluminum wire between stainless
steel flanges bolted together, with conical spring
washers under the bolt heads.

Conductance

It is especially important for a vacuum sys-
tem to have interconnecting plumbing, valves,
baffles, and traps with sufficient conductance to
match the speed of the pumping components.
Conductance refers to the capacity of a tube,
orifice, or component for carrying gas. The
conductance, C, is the proportionality constant
in the expression

Q

=Py

666582 0—62———26
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where @ is the quantity of gas flowing through
the component, measured in units of pressure
times units of volume/unit of time; and 7,=1,
is the pressure drop across the component. The
pressure unit in ¢ cancels the pressure unit in
the denominator, leaving C expressed in units
of volume/units of time (e.g., liters/sec).
The net conductance, C, of conductances (i,
(., s, ete., of components connected in series is

1.
5=

1,1
F"*‘*CTS—*‘ -

2

1
ot
If these same components are connected in
parallel, the resultant conductance is

0201+02+03+ e

In the high-vacuum region, the mean free
paths of the molecules are so long that the mole-
cules collide much more often with the piping
walls than with each other. This condition of
gas flow, called free molecular flow, can be as-
sumed for practical purposes to exist when the
pressure is such that the mean free path is half
the diameter of the pipe or greater. In the free
molecular flow region, conductance is independ-
ent of pressure and reaches its lowest value. It
is dependent upon the molecular weight of the
gas, the temperature of the gas, and the diame-
ter and length of the pipe.

The net pumping speed, S’, of the system is
related to the speed of the pump, S, and con-
ductance, €, by

1 1,1

s=stC
Thus, € must be considerably larger than S if
S’ is to remain a high percentage of 8. A com-
prehensive treatment of vacuum system analy-
sis is given in Refs. 4 and 6.

Gauging

The second problem confronting the vacuum
technologist is the need to measure vacuum ac-
curately. Until the Bayard and Alpert experi-
ments of 1950, which led to improvement of the
hot filament ion gauge, it was not possible to
measure vacuum below 10-® torr because of the
X-ray effect suggested by Nottingham. In Fig.
64-5, a chart is shown indicating the range of
pressures in which various gauges work. The
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Ficure 64-5.—Range chart for various types of vacuum gages.
improved cold eathode gauge is called the Mag-  first operated. Chemical pumping accounts for

netron, and the improved Bayard and Alpert  75% of the pumping speed, electron pumping
hot filament 1on gange is designated the special  the remainder. Tubulation with a conductance
ion gauge. of 40 liters/sec must be used when the pumping

The hot filament ion gauge is the most widely  speed of the gauge is 2 liters/sec, in order to
used. Some of the factors which can cause  keep the partial pressure of nitrogen in the
errors at any pressure within its operating  gauge less than 5% of that in the chamber. For

range are discussed by Redhead (Ref. 7).  nitrogen, a 3-cm diameter, 5-cm long tube has a
These factors are (a) pumping action of the  conductance of 40 liters/sec. The usual tubu-
gauge, (b) Barkhausen-Kurtz oscillations, (c) lationn on the gange has a conductance on the
chemical effects at the hot filament and the  order of 2 liters/sec, which gives rise to an error
bulb, and (d) variation of the residual current.  of 100% in pressure measurement. Hence, the

At 8 m4 electron current and 250 v electron  gauge pumping action can be offset by provid-
energy, the Bayard-Alpert gauge has a total  ing high conductance tubulation between the
pumping speed for nitrogen of 2 liters/sec when  gauge and the chamber. The Barkhausen-
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Kurtz oscillations, which cause sudden discon-
tinuous pressure sensitivity at critical ampli-
tudes, can be minimized by a transparent con-
ducting coating (e.g., tin oxide) inside the
bulb. The chief chemical effect at the hot fila-
ment is the dissociation of hydrogen, water, and
hydrocarbons to give spurious ion currents.
This effect can be reduced by pre-heating the
filament in 107 torr of oxygen at 2000°K to
lower the carbon impurity content, and by using
low work-function coatings to lower the operat-
ing temperature of the filament. At very low
pressures, the residual current due to X-ray ef-
fects and ultraviolet radiation from the fila-
ment is of the same magnitude as the ion cur-
rent. One method of determining the residual
current involves adding a modulator electrode
to the usual Bayard-Alpert gauge design. A
modulator factor is determined by measure-
ments at high pressure where the residual cur-
rent is negligible. With this information, the
true ion current can be found by a difference
method.

From the discussion above, it is obvious that
a single ion gauge design will not have constant
sensitivity across the pressure range from 10-°
to 102 torr. Furthermore, total pressure
measurements below 10-® torr lose significance
when differential pumping action takes place
in the gauge; partial pressure measurements
are preferable. Partial pressure measure-
ments in the ultra-high-vacuum range are made
with specialized mass spectrometers, such as the
Omegatron, which identify the gas species. A
recently developed modification of a 90-deg sec-
tor mass spectrometer by Davis and Vanderslice
of the General Electric Company can measure
partial pressures a low as 10! torr. New de-
velopments in gauge design promise measure-
ments down to 10-'® torr.

APPLICATION OF TECHNIQUES

Several examples have been prepared to illus-
trate how vacuum, once achieved and measured,
1s put to use in research.

High-Temperature Tensile Furnace

In the tensile furnace illustrated in Fig. 64-6,
vacuum provides a protective atmosphere.
The furnace is used to measure the deformation

behavior of refractory metals in tension at tem-
peratures up to 2980° C. A vacuum atmos-
phere is required because of the high reactivity
of the refractory metals with air gases at tem-
peratures as low as 500° C. The elements, oxy-
gen, nitrogen, carbon, and hydrogen, which dis-
solve interstitially, influence markedly the me-
chanical properties of the refractory metals at
low and intermediate temperatures even when
present in a few parts per million. The degree
of vacuum can change the impurity level dur-
ing testing, depending upon the temperature
and the particular metal being tested. For
commercially pure tungsten, having total inter-
stitial element impurity levels of 50 ppm or
less, a vacuum of 10-% torr and a temperature
of 2900° C maintained for 10 min appear to
leave the composition relatively unchanged.

The furnace has a hot zone 21% in. in di-
ameter by 8 in. long provided by a heater
assembly consisting of a thick-walled tungsten
susceptor surrounded by very thin, split, tung-
sten radiation-shields. The assembly is sup-
ported within an induction coil by tungsten rods
resting on an insulating zirconia cylinder.
Power is supplied by a 50-kw, 10,000-cycle
motor generator set. The grips and specimen
are entirely surrounded by the hot zone, insur-
ing a uniform temperature in the specimen.

The vacuum in the 10-° torr range is pro-
vided by two baffled and cold-trapped 4-in. dif-
fusion pumps backed by an 80-cfm mechanical
pump. A 7-cfm holding pump in con-
junction with high-vacuum valves above the
diffusion pumps adds convenience and flexi-
bility to the system. After conductance losses
in trapping and piping, the two diffusion pumps
have pumping speeds of between 400 and 500
liters/sec at the furnace port. The conductance
of the furnace port is 430 liters/sec. The full
capacity of the pumping system is required to
maintain 10-% torr against the outgassing load
at the higher heating rates. Typically, a ten-
sile test at 2980° C takes 2145 hr to reach tem-
perature, 10 min holding time, and 20 to 30 sec
testing time at a strain rate of 2.0 in./in./min.

Cryogenic Gyro

The cryogenic gyro is a device which may pro-
vide inertial guidance systems for spacecraft.
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FieUure 64-6.—High-temperature tensile furnace.
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It depends on vacuum and extremely low tem-
perature for its operation and is made possible
by the fact that the magnetic forces on a super-
conductor are normal to its surface.

FIGURE

64-7.—Photograph of cryogenic gyro.

Figure 64-7 shows a photograph of the gyro
(Ref. 8), with a 14-in. niobium sphere levitated
in a liquid helium bath. The gyro is shown
schematically in Fig. 64-8. The starting coils
are used to induce a current to flow in the “nor-
mal” coils in the direction indicated by the ar-
rows. This current is then trapped in the coils
by introducing liquid helium, which quickly
cools the coils and rotor to superconducting
temperature. The trapped current provides a
magnetic field whose forces are normal to the
superconducting rotor, causing levitation.
After superconducting temperature is attained,
the helium is pumped away. At the same time,
a small jet of helium gas sets the levitated rotor
in rotation, and the multiwalled Dewar operates
to maintain the superconducting temperature.
The rotor should continue to rotate on its mag-
netic suspension indefinitely, if the supercon-
ducting temperature is maintained.
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Pumping proceeds until a vacuum on the
order of 107 torr is reached in the chamber.
This order of vacuum is a compromise require-
ment. The vacuum must be such that there are
enough molecules to transfer heat by conduct-
ance from the cold walls to the coils and sphere
to keep them superconducting, yet not so many
molecules as to slow the rotation of the sphere
by molecular drag. Pumping of the chamber
and the Dewar chambers is done with a 4-in.
diffusion pump, backed by another 4-in. diffu-
sion pump, in turn backed by a small mechanical
forepump. It is thought that this series ar-
rangement gives better helium pumping by pro-
viding a lower pressure drop across the first
diffusion pump.

Bacteria Survival

An exceptional use of ultrahigh vacuum is
made in a biological experiment to determine
the ability of microorganisms to withstand
space environment. A study of bacillus subtilis,
variety niger, required that a vacuum of 10-*
torr or better be maintained for a period of at
Jeast 30 days (Ref. 9). It was necessary that
the vacuum chamber be completely clean and
sterile before introduction of the microorga-
nisms, and during the period of vacuum expo-
sure contamination had to be held to a mini-
mum. No pump fluid gases could be allowed
in the chamber. Furthermore, the vacuum had
to be achieved without bake-out which might
injure the microorganisms.

The apparatus used for the experiment is
shown schematically in Fig. 64-9. The micro-
organisms were placed in the test tubes in the
vacuum chamber, and a vacuum was pumped
with a three-stage mercury diffusion-pump
backed by a small mechanical forepump. Back-
streaming of mercury vapor was controlled by
a liquid-nitrogen cold finger placed over the top
jet of the diffusion pump and by a separate
liquid-nitrogen cold trap. -\ final barrier
against back diffusion of mercury was provided
by a gold film evaporated on the elbow connec-
tion to the chamber. Any mercury molecules
travelling this far would hit the elbow wall and
be immobilized by amalgamation with the gold.

Outgassing from the glassware in the ultra-
high-vacuum region was minimized by careful
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Fieure 64-8.—Cryogenic gyro.

cleaning before assembly. Seven steps of de-
greasing, washing with bases, washing with
acid, and alternate rinsings were performed.

The system functioned, as designed, between
3 x 10-® and 6 x 10-° torr for a period of 35 days.
A Bayard-Alpert type hot filament ionization
gauge rTemained in continuous operation
throughout the experiment. The experiment
showed that bacillus subtilis, variety niger, will
survive an ultra-high vacuum of 10-® torr for a
period of 35 days.

FRICTION AND WEAR

A complicated ultra-high-vacuum system is
that used in the friction and wear apparatus
shown in Fig. 64-10. Buckley and Johnson
(Ref. 10) are using the apparatus to measure
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the lubrication properties of gallium-rich films
in a vacuum of 10-*° torr. This is a surface
physics problem which sets stringent require-
ments upon the degree and cleanliness of the
vacuum. At 10-¢ torr, it is known (Ref. 11)
that a clean metal surface is contaminated by
a monolayer of gas in a few seconds. At 10-°
torr, it is estimated that a monolayer forms in
approximately 17 min.

To achieve desired conditions, the procedure
is the following: The entire apparatus is
covered with a bake-out oven and heod while
being pumped with a vane-type pump backed
with an oil-sealed rotary pump of 13-cfm capac-
ity. A liquid-nitrogen cold trap and a molecu-
lar sieve trap are placed in series in the piping
between the vane-type pump and the vacuum
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chamber. The two mechanical pumps first
mentioned continuously pump the forechamber,
which contains the driven part of the magnetic
drive, to preclude contamination of the main
chamber with bearing lubricant. These pumps
are valved off the main chamber when it reaches
10-¢ torr, and a 400-liter/sec ion pump is
started. Baking proceeds during ion pumping,
until the chamber reaches the 10-*-torr range.
The hood and bake-out oven are removed, and
an electron-beam heater is focussed on the disk
and rider specimen area to further degas that
area. The electron-beam heat source is also

used to maintain temperatures to 1000°F
during the friction experiment.

I
Il

;
:m—w

@

Although ion pumping is continued, the final
pressure in the low 10-1° torr range is achieved
when the cold trap at the top of the chamber is
filled with liquid helium. Oceasionally, dry
nitrogen purging and repumping is used after
the oven bake-out.

For the friction measurements the rider
specimen is loaded by the lever and weight
principle with the gimbal assembly acting as
the fulerum. The disk specimen, rotated by
the magnetic drive, rubs against the rider
specimen, applying a torque to its holder shaft.
The friction is proportional to the torque,
which is measured with strain gauges. A photo-
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FIoURe 64-9.—Vacuum environment apparatus for bacteria survival test.
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graph of the equipment, viewed from the
magnetic-drive end, is shown in Fig. 64-11.

This ingenious experimental apparatus com-
bines two types of mechanical pumping, fore-
line trapping, and ion and cryogenic pumping
with oven bake-out and electron-beam heating
to meet the vacuum requirements,

lon Propulsion Engine

The ion propulsion engine (Ref. 12) is
designed for long-duration missions in space
and will only operate in a vacuum. It depends
for its thrust upon ions accelerated away from
the spacecraft. The amount of thrust is
proportional to the mass flow rate and the
velocity of the ions.

Freure 64-11.—I’hotograph of friction-and-wear equipment.
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Figure 64-12.—Ion propulsion engine and chamber.

The engine is illustrated schematically in
Fig. 64-12. The metal used for engine fuel,
usually mercury or cesium, is vaporized in the
boiler and diffused into the plasma chamber.
Electrons are accelerated from the hot cathode
toward the anode by means of a potential dif-
ference and are forced to take cyclotron orbits
a few millimeters in diameter in the magnetic
field introduced by the magnetic field coil.
This path enhances the probability of the elec-
trons colliding with the metal vapor atoms to
produce ions before the electrons reach the
anode. Tons migrating in the fleld gradient
which reach the accelerating grids are acceler-
ated away from the engine by the high
potential between the grids. Surplus electrons
from the ionizing process, upon reaching the
anode, are pumped to the neutralizer and al-
lowed to leak out, emerging with the ion beam.
The neutralizer insures that the spacecraft will
not become increasingly negatively charged and
the engine cease to function. A photograph of
the ion engine on its mount is shown in Fig.
64-13,

The optimum vacuum range for an efficient
production of metal ions in the plasma cham-
ber seems to lie between 10-* and 10 torr. In

he external environm a higher va 8 ;
the external e . onment, a higher v Cuum', u FicUrRe 64-13—Photograph of ion propulsion engine
least 10-° torr, is necessary to allow the lons on its mount.
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to escape from the engine without excessive col-
lisions between the residual gas and the directed
ion beam (which would cause ion deflection
and charge exchange). Furthermore, the con-
dition of space which allows the ions to stay
away and not return to the engine or bounce
back into the beam must be simulated in labora-
tory testing.

These vacuum requirements are met by
placing a liquid-nitrogen baffle and collector in
front of the ion beam, as shown in the sche-
matic of Fig. 64-12. The condensing surfaces
of the baffle and collector are arranged in an
optical trapping configuration. Stray metal

atoms which escape the baflle and collector are
immobilized on a liquid-nitrogen cold shroud.
In practice, the vacuum facility is taken ini-
tially into the 10-% torr range using two 10-in.
liquid-nitrogen-trapped

diffusion  pumps.

With the engine in operation at a fuel flow rate
of 5 grams of mercury/hr, the bafle, trap, and
shroud must pump mercury vapor at the rate of
100,000 liters/sec to maintain the initial pres-
sure. In fact, the cryogenic pumping, with a
surface area of about 30 ft2, is so effective that
the chamber pressure continues to drop even
with the engine operating and the diffusion
pumps valved off.

A photograph of the over-all installatiof is
shown in Fig, 64-14. Measurements of the
engine’s thrust are made on a thrust mount
having a sensitivity of 2 g Ib. The vacuum
tank is bolted to a 28,000-Ib block to insure that
regsonance frequencies are too low to interfere
with the measurements. Two 130-cfm mechani-
cal pumps which back the diffusion pumps are
mounted 50 ft away, with the connecting
piping vibration damped.

Fioure 64-14.—Photagraph of installation for testing ion engine.
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Fission Electric Cell

In a discussion of ion propulsion, it is natural
to ask what source might be used to provide the
high-voltage, low-current power the engine
needs during space flight. One possibility is

the fission electric cell (Ref. 13) shown in Fig.
The cell converts nuclear energy di-
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F16URE 64-15.—Fission electric cell.
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rectly to electrical energy in the following way:
fragments from fissionable material coating the
cathode traverse the vacuum space to the anode
with energy levels of about 80 Mev and a net
charge of -+20 e. A potential of 4,000,000 v
between the cathode and anode is theoretically
possible. However, knock-on and follow-out
electrons emerge with the fission fragments and
interfere with the available electrical energy.
An electromagnet is used to repress the elec-
trons and realize a useful voltage across the
cell. Vacuum environment allows the fission
fragments to carry energy without wasting it
by colliding with an ionizing gas molecules.
It also prevents high voltage breakdown in the
presence of the ionizing source.

The experimental cell, an all-welded alumi-
num construction 3 in. in diameter, is tested in
a neutron flux 25 ft under water. Since the
cell is out of reach during operation, dynami-
cally pumping it to maintain a satisfactory
vacuum presents a problem. The initial
vacuum in the cell is achieved by diffusion
pumping and bake-out, limited to 100° C by the
aluminum construction. After pumping to op-
proximately 10-® torr, the diffusion-pump port
to the cell is pinched off, and the cell is placed
in the reactor. The vacuum is maintained with
a 1 liter/sec ion pump incorporated in the cell.
The gases to be pumped are principally xenon
and krypton, the fission fragments, which limit
the efficiency of the cell when the pressure is too
high. Gamma radiation plus Compton-effect
electrons ionize the adsorbed and absorbed gases
not previously removed by the bake-out, thereby
adding to the gas load on the ion pump.

Space Simulator

The Jet Propulsion Laboratory space simu-
lator (Ref. 14) which has a vacuum chamber
25 ft in diameter by 25 ft high, is an example
of the application of vacuum technique applied
on a very large scale. A photograph of the
simulator with the door open and the spacecraft
Mariner in view is shown in Fig. 64-16. The
simulator is designed to test spacecraft under
simulated interplanetary conditions of intense
solar radiation, radiation heat sink, and high
vacuum. The vacuum is achieved by cold-
trapped diffusion pumping. The radiation heat
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sink of outer space is simulated by a liquid-
nitrogen cold shroud with a coated surface
having an emissivity of at least 0.9 for both
ultraviolet and infrared radiation. The solar
radiation is simulated by an array of 131
mercury-xenon arc lamps, which produce a de-
sign solar flux intensity of 200 w/ft2

Figure 64-17 shows the solar-simulator op-
tics. The light from the mercury-xenon arc
lamp source array is reflected from flat circular
mirrors arranged as facets on a parabola to a
pseudo-hyperbolic reflector, thence through a
quartz lens into the chamber. The virtual
source, consisting of multifaceted pebbles, re-
flects light to spherical mirrors which, arranged
as facets on a parabola, provide the even dis-
tribution of solar radiation. The primary vir-
tual source casts a shadow into the working
volume. This is filled in by a lens in the pri-
mary virtual source, an auxiliary pebble bed,
and a parabolic reflector. The optical system

has a collimation requirement of +5 deg for
the extreme ray. The mercury-xenon arc lamp,
which does not match the solar spectral distri-
bution curve as well as a carbon arc lamp, has

Fiarre 64-16.—Photograph of space simulator.
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less fluctuation and can be controlled more
closely. A further departure from the solar
spectral distribution is caused by the aluminum
reflecting surfaces. However, meaningful tests
can be conducted by correcting the observed
spacecraft temperature for spectral reflectance
and absorbency.

A vacuum on the order of 10-* torr is sufficient
to insure that heat transfer by radiation is 99%
of the total heat transfer, conductance account-
ing for less than 19%. However, the design
pressure for the clean, empty, outgassed cham-
ber is 5X10°® torr, which allows some margin
for the unknown gas load of future spacecraft
under solar heat flux. The pumping schematic
for the chamber is shown in Fig. 64-18. Com-
pressors in a nearby wind tunnel are used to
rough the chamber to less than 2X10-* torr,
after which two 5000-cfm blowers (Stokes
1718), backed by a combination 1200-cfm blower
and 300-cfm mechanical pump (Stokes 1711),
further reduce the chamber pressure to 10-?
torr. At this pressure, ten 36-in. oil diffusion
pumps, which are held by a 130-cfm pump
(KDH 130) during roughing, are valved in to
reduce the chamber to the desired operating
pressure. The diffusion pumps are liquid-
nitrogen trapped to preclude contamination of
the optics with pump oil films, which would
gradually reduce the light intensity. When the
system is at operating pressure, the shroud is
filled with liquid nitrogen. Approximately
5000 gal are required to bring the piping and
shroud system down to liquid nitrogen temper-
ature. The 9500 ft? of shroud, in addition to
simulating the radiation heat sink of outer
space, also provide extra pumping capacity to
handle outgassing from the spacecraft.

A vacuum system of this size is a major
achievement, considering the myriad of weld
joints, braze joints, and seals which must be
leak-free, the thermal expansion in the liquid-
nitrogen shroud and plumbing, and the huge-
size pumping and its control. When the large
complex optical system is considered as an inte-
gral part of the vacuum chamber, the achieve-
ment is even greater.

The examples discussed here are but a few of
the many ways in which research projects uti-
lize vacuum. Some examples of research highly
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dependent of vacuum technology are investiga-
tions of vacuum deposition of thin films for
optical, semiconducting and superconducting
purposes; the degradation of polymers; zone
refining of metals; and instrumentation for
space exploration, such as gas chromatography
and ultraviolet spectrometry.

FUTURE OF VACUUM

What is the future of vacuum technology?
For those who would build large ultra-high-
vacuum systems, Balwanz (Ref. 5) has made an
estimate of the relative operating costs of
pumping by eryogenic means and by diffusion
pump methods. In Fig. 64-19, three types of
cryogenic pumping are shown. These are a
one-stage pump consisting simply of a liquid-
helium cold wall, a two-stage pump with liquid-
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helium and liquid-nitrogen cold walls, and a
three-stage pump, the most complicated and
efficient form of cryogenic pump, involving a
liquid-helium cold wall, guarded by a liquid-
hydrogen radiation baffle, which in turn is
guarded by a liquid-nitrogen radiation baffle.
The comparison indicates that cryogenic pump-
ing, even in its simplest form, is cheaper than
diffusion pumping for very large systems.
One nationally known vacuum equipment
manufacturer claims in a news bulletin (Ref.

15) of August 1962 to have created a vacuum of
10" torr in a volume of approximately 6 ft *.
This pressure is at the limit of sensitivity of
the best gauges and even the best mass spectro-
meters. The capability for achieving vacuum
appears to have surpassed again the capability
for theasuring it. The degree of vacuum al-
ready produced will serve a great percentage of
research needs. However, man will continue
seeking higher and higher vacuum and the
methods for measuring it.

Institute of Environmental Sciences 1962 Proceeding, Chi-
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INTRODUCTION

The challenge of introducing modern elec-
tronics into space has opened a multitude of
new problems and is, in many instances, breed-
ing a new type of electronics. The influence is
felt mainly in computer electronics, where com-
puters are asked to make the many instantane-
ous decisions associated with all facets of a
space mission. For unmanned missions, the
problems are particularly severe since here mis-
sions lasting many years are contemplated.
Magnetic devices are used as one of the main
approaches for meeting this longevity chal-
lenge. They are particularly desirable for
those missions of the future where a nuclear
reactor is aboard the spacecraft, causing the
associated high temperatures and radiation.

Thin magnetic films have been a fruitful ve-
hicle for the investigation of this new type of
magnetism. Compared to other magnetic
structures, they require very little sample prep-
aration and are generally ready for investiga-
tion immediately after fabrication. The equip-
ment necessary for research is of moderate
cost, and even the academic researcher can par-
ticipate—in striking contrast to older types of
magnetic research that required furnaces, roll-

666582 0—62——27

41

ing mills, and hours of sample preparation.
This paper will be confined to a discussion of
those techniques and instruments used in re-
search into the magnetic character of thin films.
From such investigations, the magnetic char-
acter of other structures can be inferred.

PREPARATION

The films are made by vacuum evaporation
from permalloy. The useful compositions are
from 15% iron, 85% nickel to 45% iron, 55%
nickel. The thicknesses considered are from
100 to 5000 X, with most consideration given
to those of approximately 2000 X. Usually the
films are in the form of spots on a glass sub-
strate. They are mirror-like and remain so for
months without protection. When thicker than
150 X, their electrical conductivity is as would
be expected from bulk material before annealing
(Ref. 1).

The evaporation technique most commonly
used has been described by Blois (Ref. 2) and
others (Ref. 3 and 4). A schematic diagram of
the setup can be seen in Figure 65-1. Usually
a zirconium or aluminum crucible is used to con-
tain the melt. A charge of a few grams of
either vacuum cast alloy or the proper propor-
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tion of vacuum cast nickel and iron can be used.
When heated to approximately 1725° C by either
a resistance or an induction heater, evaporation
takes place at such a rate that condensation
onto a substrate 10 cm away occurs at approxi
mately 4000 A/min,
istics of the final film depend upon evaporation
rate. A shutter system, shown in Figure 65-2,
is generally used toshield the substrate while the
melt is heating to temperature. It is desirable
to maintain constant melt temperature during
the time the film is actually being formed. It
is also possible to evaporate directly from =
filament of tungsten, although most investiga-
tions use induction heating. Soft glass is the
most. common substrate, and microscope shices
are generally used. They must be cleaned and
kept free from dust. Optimum films are ob-
tained when the substrate is heated to approxi-
mately 300° C. TUsually a mask is placed in
front of the substrate to limit the area of the
film, as can be seen in Figure 65-2.

The entire system indicated in Figure 65-1
is contained inside a vacuum system, usually a
standard system as shown in Figure 65-3. The

20009

SUBSTRATE HEATER

(A e——

SUBSTRATE

L/ /éﬂ

SHUTTER

INDUCTION
HEATER COILS

CERAMIC
CRUCIBLE

ALLOY CHARGE

< \

Ficure 85-1.—Schematic of evaporation stand.

The magnetic character- -

pressure must he low enough to assure that the
mean free path of the evaporated metal atom
is long compared to the distance between the
crucible and the substrate. Pressures between
10°% and 10-° inm Hyg have been used.

- One requirement peculiar to magnetic thin
aniis 1s the necessity of establishing the direc-
ti-n of uniaxial magnetic anisotropy in the
iin: by having a magnetic field in the plane of

sstrate during evaporation and any sub-

seqquiesst anneal.  The field in our system is pro-

i by = pair of Helmholtz coils mounted

, the bell-jar. These are capable of
supplving a field in excess of 50 Oe for an ex-
tended period of time.

The thickness of the film can be monitored
by resistance which indicates the approximate
thickness during evaporation. To obtain more
detailed information about the evaporation, it
is possible to use a micro-balance inside the
vacuum system (Ref. 5). With the balance,
the rate of evaporation and thickness can be
determined and the temperature of the melt
indicated. After the film is made, the thick-
ness is usually measured optically or by X-ray
fluorescence.

1

Ve

HYSTERESIS LOOP

The most common magnetic measurement is
the magnetization hysteresis loop. Instru-
ments such as the one described by Crittenden,
et al (Ref. 6), and Oguey (Ref. 7) are very
useful and have the magnetic sensitivity neces-
sary to operate with extremely thin films. The
loop is usually presented directly on the screen
of a cathode ray oscilloscope at the rate of 60
cpsorless. A typical loop can be seen in Figure
65—4. On the abscissa the magnetic induction
17, which is proportional to the current through
the driving coil, is plotted. The ordinate is
the flux density B. The value of B for a very
large drive, either positive or negative, is the
saturation flux density B,. The value of B for
zero drive is the remanent flux density B,. The
squareness may be defined as B,/B,. The value
of H for zero magnetization; that is, the value
of the drive that will just demagnetize the sam-
ple, is called the coercive force ..
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FiaURE 65-2.—Shutter system.
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FigUre 63-3.—Standard vacuum stand.
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A photograph of our loop tracer is shown in
Figure 65-5. The large coil pair cancel stray
fields at the sample, a necessary procedure when
working with thin films. The drive coils and
pickup coils are smaller and can be seen In
Figure 65-6. An operational amplifier pro-
vides the necessary integration. With a 1500
turn pickup loop and an open loop gain in the

By —

By

FIGURE 65-4.—Typical hysteresis loop.
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Fioure 635-5.—LooDp tracer.

amplifier of about 107, the minimum flux detect-
able is 10-®* maxwell. Trinagular drive is nor-
mally used at 17 eps. Manual control is also
provided so that the field can be changed very
slowly when the loops are steep.

A hysteresis loop taken along the easy axis of
magnetization can be seen at the top of Figure
65-7. This figure was taken from a photo-
graph of the oscilloscope face while sweeping
the field very slowly. The Barkhausen pulses
can be observed. Films typically have loops
which are much squarer than those of ordinary
magnetic material. In the center of Figure
68-7, taken as a double exposure, is the hard
direction loop or transverse loop. The charac-
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ter of the loop is considerably changed when the
drive and pickup are perpendicular to the easy
direction of magnetization. The typical loops
of Figure 65-8 were taken with increasing
drive in this perpendicular condition. Asmen-
tioned previously these films all contain a uni-
axial anisotropy. The mechanism for this ani-
sotropy is not well understood. The effect of
this, however, can be characterized by meas-
uring the quantity usually called the anisotropy
field Hi. With the film such that drive and
pickup perpedicular to the easy axis, the drive
current 1s adjusted to be so small that a single
sloping line is seen on the oscilloscope, as in the
upper loop of Figure 65-8. The slope of this
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line is noted. The drive is then increased until
the same is saturated as in the next loop of the
Figure. The value of B, for the sample is
noted. H: is defined as the field for which the
extrapolated low drive slope intersects the value
of B,.

Torque Balance

For many years the magnetic torque balance
has been an important instrument in the investi-
gation of magnetic characteristics of materials.
In 1937 H. J. Williams (Ref. 8) surveyed the
usefulness of such an instrument for measuring
the anisotropy constant, coercive force, and
rotational hysteresis loses in magnetic materials.
The evolution of the instrument continued
gradually for over 20 years until R. F. Penoyer

FIGURE 05-6.—Inner coils of loop tracer.

R

20-80 300-12

Easy !/, Oe/em

HARD 2 0Oe/cm

FicUure 065-7.—Hysteresis loop.
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FigUre 65-8.—Typical transverse loops.

(Ref. 9) incorporated electronics into the in-
strument to make it automatically self-balanc-
ing. E. L. Boyd (Ref. 10) increased the sensi-
tivity of the automatic model and adapted it to
the investigation of thin magnetic films as did
W. D. Doyle (Ref. 11). Several others have
adapted the manually-balanced torque meter
for thin films (Ref. 12-16).

The instrument described here uses (Ref. 17)
the principle of the Penoyer and Boyd instru-
ments, but has a unique fused-silica suspension
and servo-system that allows an increase in the
sensitivity of about three orders of magnitude
to 10-% dyn/em, with a resolving time of a frac-
tion of a second. 1t is designed principally for
the investigation of thin permalloy films and
can measure the torque either perpendicular of
parallel to the surface of the film. The satura-
tion magnetization M,, remanent magnetiza-
tion JM,, anisotropy constant /&, and coercive
force /. can be measured directly, allowing
caleulation of the anisotropy field 77 and the
squareness.

The measurements of anisotropy field are of
particular interest because the anomalous uni-
axial anisotropy has continued to be an interest-

e

416

ing and baffling phenomenon (Ref. 18). It is
generally assumed, as was first thought by
Smith (Ref. 19), that the classic Stoner-Wohl-
farth model (Ref. 20) which was formulated to
describe small single-domain particles, also de-
sceribes the anisotropy in thin films. For a field
in the plane of the film, the anisotropy can be
defined in terms of energy (per unit volume)
of the sample in the presence of a magnetic field
as follows:
E=K sin® o~ HM cos («—¢)

where A is the anisotropy constant assuming
uniaxial anisotropy, H is the magnetic field at
some angle o from anisotropy axis, and ¥ is the
magnetization (per unit volume) of the sample
at some angle ¢ from the anisotropy axis. At
equilibrium d£/de =0 so that

MH sin (a—(p)=[f sin 2<p (2)

The torque (l=z’i}Xﬁ } per unit volume for
this case isequal to
L=—MHsin (a—¢)=—Ksin2¢ (3)
where the minus sign indicates that the torque
is in a direction of decreasing «. Depending
upon the particular circumstances, as will be
discussed below, the torque perpendicular to the
plane of the film is a sensitive indication of the
remanent magnetization or of the anisotropy.
For fields small compared to 4=3f (so that
the magnetization is in the plane of the film),
another configuration is useful to measure the
torque parallel to the plane of the substrate.
For this case

L=—MII sin « (4)

where « is now the angle between the field and
the substrate, and the torque is parallel to the
plane of the film and perpendicular to the easy
axis. If the easy axis is rotated so that it is
parallel to the torsion axis (i.e., perpendicular
to the field), Eq. (4) is applicable only for
fields where H cos a is greater than 2K /M. For
(T cos «) less than 2K /7, the torque along the
easy axis (z-axis) can be caleulated in similar
manner to be

_mEre
= —}:K sSin Za
Depending upon the particular situation, the
torque observed parallel to the plane of the

L. (5)
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FiGURE 65-9.—Schematic of torquemeter.

film when a field is applied at some angle to
the plane may be a sensitive measure of the
magnetization J, the anisotropy field /75, and
the coercive force 7.

The operation of torque balance can best be
understood by referring to Figure 65-9. The
shadow of the torquing element (B-B) caused
by the lamp and condensing system falls on
the dual photocell. The torquing element is
in a uniform magnetic field as indicated, so
that current through the element causes a torque
about the axis defined by the torsion fibers.
The output of the photocell is connected,
through a high-gain servo amplifier, to the cur-
rent through the torquing element, so that this
output remains centered on the photo pickoff.
The current is proportional to torque and can be
measured as indicated in Figure 63-10. An
auxiliary hanger, shown in Figure 65-11, al-
lows measurement of torque along a torsion
axis parallel to the plane of the substrate. For
torques perpendicular to the plane, the sample
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is placed directly on the sample-carrying fork
indicated in Figure 63-9. A photograph of
completed assembly is shown in Figure 65-12.
The earth-bucking cube coils and the rotating
field coil can be seen.

Figure 65-13 shows a typical set of torque
curves taken perpendicular to the plane of the
film. These curves are from a film 40 X thick,
deposited in about 2 sec onto a glass substrate
at 300° C. The composing is 76.2% nickel and
23.8¢% iron. .\ typical measurement parallel to
the plane of the film using the auxiliary hanger
is shown in Figure 65-14. ITere the coercive
force is measured. The details of these and
other measurements made with the torque bal-
ance can be found in Ref. 17-21.

MAGNETIC DOMAINS

One of the more exciting static observations
in magnetism is the direct observation of mag-
netic domains. The three methods that are in
general use are the Bitter technique, the Kerr
technique and the Faraday technique. The
Bitter powder pattern technique (Ref. 22) con-
sists of placing a colloidal solution of magnetite
in water upon the carefully-prepared surface
of the specimen, There are high field gradients
at. the wall caused by a divergence of the mag-
netization which attract the ferromagnetic
magnetite. Usuing dark field or oblique illumi-
nation, the concentration of colloidal particles
can be observed defining the walls. A thin film
is a fine specimen for this experiment since its
surface needs no preparation. This technique
has been used extensively by Williams and
Sherwood (Ref. 23). A sample of their results
can be seen in Figure 65-15.

Another technique, utilizing the longitudinal
magneto Kerr effect, was first used for films
by Fowler, et al. (Ref. 24). This scheme al-
lows optical observation of the domain rather
than the walls. The arrangement can be most
easily understood by considering Figure 65-16.
Polarized white light is used to illuminate the
sample at about a 60-deg angle of incidence.
The reflected light passes through an analyzer
and then through a simple lens system to the
eye or a TV camera. The plane of polarization
of the reflected light can be rotated a few de-
grees depending upon the direction of the field
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FIGURE 65-11.—Auxiliary hanger.

in the sample. Again nickel-iron films require
no surface preparation, making this technique
the most popular one for magnetic films,

A photograph of our equipment can be seen
in Figure 65-17. It uses an Osram high-pres-
sure mercury arc for illumination, Oland-
Thompson prisms for polarization, and closed
circuit television for observation. The tele-
vision not only facilitates observation but in-
creases contrast electronically. The cube coil
system shown nullifies stray fields and estab-
lishes the necessary working fields used during
the investigations. A photograph of some
typical domain patterns is shown in Figure
65-18.

For very detailed observation where high
magnifications are required, the Kerr effect loses
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FicURE 65-12.—Automatic torque balance.

contrast because of the very slight rotation.
Either the Bitter technique must be used or,
for films thinner than 700 &, the Faraday effect
can be utilized. The principle is essentially the
same as before, except that now the light goes
completely through the film at some angle,
usually 45 deg. Interesting domain patterns
result (Ref. 25), as can be seen in Figure 65-19.

DYNAMIC FLUX REVERSAL

The wusual pulse experiment consists of
saturating the sample with a field of about ten
times the coercive force, and then reversing the
magnetization by applying a step field pulse
in the opposite direction. The reversal time 7,
is defined as the interval between the time when
10% of the total flux has reversed and the time
when 90% of the total flux has reversed. The
inverse of this reversal time can then be plotted
as a function of the drive field H., as seen in
Figure 65-20. It is possible to change the
initial conditions by applying a dc field in the
plane of the film and perpendicular to the drive
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field and, hence perpendicular to the easy axis
of uniaxial anisotropy. Such a transverse field
changes the reversal time for a given drive as is
noted in Figure 65-20, where the transverse
field 7 is included as a parameter. This be-
havior is unique for thin films made as
described.

The equipment used for such a given experi-
ment involves a number of compromises which
depend on the specific requirements for the ex-
periment. The gencral character of all the
pulse equipment is the same, however. A drive
field is required. The amplitude of the field
must be constant and the same over the entire
sample compared to the shortest time measured
in the experiment. It must be possible to con-
veniently adjust the amplitude from point to
point. The duration of the pulse does not mat-
ter as long as it is longer than the time being
measured. The detection equipment must have
a response time that is shorter than the times
being measured and a sensitivity capable of de-
tecting the very small flux changes associated
with thin films. It is usually necessary to inte-
grate since the flux rather than rate of change
of flux is of interest.

Two types of field generation equipment are
in general use. The first is the stripline pulser
used when the ultimate field rise time is desired.
Such a system is indicated schematically in
Figure 65-21. A high-voltage power supply
charges a length of coaxial cable to twice the
voltage of the pulse desired through a series
charging resistor. A relay with mercury wetted
contacts discharges the line through a length of
cable, hence through a stripline section to a
termination. Generally, the relay is operated at
60 cps. The length of the cable has delay one-
half the time length of the desired pulse. Tt
should also have a center conductor with a re-
sistance small compared to the impedance of the
system or compatible with the voltage drop that
can be tolerated. The value of the series charg-
ing resistor is a compromise between charging
the cable completely and having the dc current
though the relay small. Although the relay
will close and allow a very high current (thou-
sands of amperes), it will open only a few hun-
dred milliamperes.
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F1GURE 65-15.—Bitter powder pattern.
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SAMPLE

FI16URE 65-16.—Schematic of Kerr effect apparatus.

The relay is usually in a coaxial holder which
can be fabricated in a number of straightfor-
ward ways. The relay body is a commercial
item. It will generally hold off approximately
4000 v. Operating at 60 cps is within the capa-
bilities of most relays.

The stripline affords a convenient transmis-
sion line section of the type where the magnetic
field is uniform and accessible. A typical sec-
tion is shown in Figure 65-22. The dimensions
used depend upon the impedance in a straight-
forward way (Ref.26). The pickup must be in-
sensitive to the change in field brought on by the
onset of the pulse. Generally two loops are used
connected in series opposition, as shown in
Figure 65-23. Since the use of the stripline pre-

supposes interest in fast events, normally only
single turn coils are used, connected as in Figure
65-23. The series resistors prevent the loops
from being a shorted turn.

It is usually most convenient to integrate
immediately with either an RC integrator or an
electronic integrator. Since again frequency
response is presumed to be important, the RC
integrator is the easiest. The voltage out is
very small, however, putting a severe sensitivity
requirement upon the rest of the detection
equipment. A transistorized Miller integrator
has been constructed (Ref. 27) which consid-
erably simplifies the matter. It has a response
time of 3 nsec and a decay time of 10 microsec
with a capacity of 30 mv-microsec.

The rest of the detection system depends
upon film thickness. Distributed amplifiers
(HP 460 A and B) can be used or transistorized
amplifiers with slightly better response time.
The voltage rise can then be observed on a
sampling oscilloscope. The ultimate in sophis-
tication can be obtained by using the Tektronix
567 digital readout where the rise time is auto-
matically recorded with nixie tubes.

FIGURE 65-17.—Kerr magneto optic domain viewer.
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FieURE 65-18.—Typlcal domain patterns.

A photograph of the stripline and setting
coils is shown in Figure 65-24. Various other
coils provide the logical fields for nullifying
stray fields, providing the transverse fields, etc.

By not demanding the fastest system, the de-
tection problem can be eased. Multiturn pick-
up loops can be used relieving the amplifier
problem. Standard vacuum tube pulsers can
feed distributed transmission lines to give the
field. One such setup can be seen in Figure
65-25. The 20-turn pickup and distributed
solenoid can be used for films as thin as 100 A
to investigate the velocity of Néel walls (Ref.
28). The entire electronics setup is illustrated
in Figure 65-26.

Of course, in the investigation of the dynam-
ics of flux reversal, it is not enough to just
measure the switching time. There are many
pulse experiments that can be used to infer the
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reversal mechanism. The interrupted pulse
experiment (Ref. 29) is a particularly impor-
tant one to identify domain wall motion. The
simultaneous observation of the longitudinal
and transverse loops (Ref. 30) is particularly
important in the identification of uniform rota-
tions. These experiments, however, are all per-
formed using the same type of equipment as
discussed previously.

CONCLUDING REMARKS

In summary, it is proposed that investiga-
tions in modern magnetism are both interesting
and timely. Participation can be achieved with
a limited budget. The most important instru-
ments in a laboratory devoted to such a study
are a loop tracer, a torque balance, a Kerr do-
main viewer, and a pulse flux reverser.
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Fieure 65-19.—Faraday effect patterns.
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FioUure 65-24.—Stripline.

FIGURE 65-25.—Multiturn pickup and distributor
solenoid.
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Fieure 65-26.—Electronics for observing very thin films.
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66. Generation of Magnetic Fields by Flux Compression
in Superconductors
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INTRODUCTION

The possibility of producing and carrying
intense magnetic fields in space probes offers
a solution to many problems encountered in
space flight. A few of the obvious applications
of magnetic fields are: plasma confinement for
power generation and propulsion systems, mag-
netic shielding of astronauts, particle analyzers,
bubble and cloud chambers, and magnetic
resonance experiments. The utilization of
these devices is feasible only if the power con-
sumption and weight of the device are of a
reasonable size for space probes.

The discovery (Ref. 1-4) of high critical
field superconductors such as Nb;Sn and Nb,Zr
has greatly stimulated interest in the possible
production of very high field, large volume,
superconducting solenoids (Ref. 5-7). Un-
fortunately, these high critical field supercon-
ductors do not have exceptionally high critical
current density characteristics, J~10° amp/cm®.
Furthermore, the manufactured superconduct-
ing wires must be rather small in diameter, 10-
20 mil, because of the metallurgical properties
of the superconductor. Another problem in
wire wound solenoids arises from the introduc-
tion of heavy copper bus leads into the helium
bath which produces a large heat leak into the
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helium bath. These difficulties make it neces-
sary to construct the superconducting solenoid
with small diameter wire which results in small
energizing currents, 10-20 amps, for the sole-
noid. Therefore, a many turn solenoid must
be wound in order to obtain the large ampere
turns required for the intense magnetic field.
Tt is immediately obvious that to produce mag-
netic fields of even intermediate sizes, such as
1 liter, would require many thousand meters of
superconducting wire. In this paper, we de-
scribe an alternate method in which persistent
currents are induced in a block of superconduct-
ing material so as to trap and then compress a ~
large magnetic field within holes in the super-
conductor.

Flux Compreassion

1t is a well known fact that when a multiply
connected superconductor is cooled below its
critical temperature in the presence of an ex-
ternal magnetic field the flux inclosed by the
superconductor is trapped and remains constant
even when the external magnetic field is re-
duced to zero (Ref. 8). Thus, if a supercon-
ducting cylindrical shell were placed in a mag-
netic field B,, with the field parallel to the axis
of the shell, then cooled below the critical tem-
perature, the field B, would be trapped in the
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volume inclosed by the shell, and the field would
remain trapped for an indefinite length of time
(Ref. 9). In speaking of such a system, it is
best to mention that the total magnetic flux
trapped, ¢., and the magnetic field remain
constant only so long as the cross sectional area
normal to the field does not change. It ig easy
to see that if it were possible to decrease the
cross section available to the trapped flux the
magnetic field would correspondingly be
increased.

Figure 66-1 shows a block of Nb,Sn 6.0 em
in diameter, 2.60 cm thick, and with two holes
2.30 cm diameter and 1.00 cm diameter drilled
through the block. As an experiment to test
the feasibility of compressing magnetic flux,
this block was placed in the magnetic field of
a copper wound solenoid 12 in, diam and 36 in.
long, with the axis of the cylindrical holes in
the block parallel to the magnetic field of the
solenoid. A dewar system was constructed to
cool the block below its critical temperature,
18° K, with liquid helium. In the experiment,
the magnetic field was first turned on to a value
B, and then the superconducting block was
cooled with liquid helium and the magnetic field
of the solenoid reduced to zero. Thus the field
B, or the flux ¢, was trapped in the two holes in
the block ; next the superconducting cylindrical
piston, 2.220 cm in diameter, shown in Fig. 69-1,
was inserted into the larger hole, hole A, in the
block. The insertion of the piston compressed
the flux ¢, into a smaller cross sectional area
and thus gave an increase in the magnetic field
measured in the small hole, hole B (Ref. 10
and 11).

If one assumes that the total trapped flux
$o 1n the superconducting holes remains con-
stant both before and after the piston is inserted
into hole B, then

A.+4,

BB ity ) o
where B, is the final field measured in hole 4,
4, is the cross sectional area of hole 4, 4, is
the cross sectional area of hole B, and 4, is the
cross sectional area of the piston. It is obvious
from Eq. (1) that a very large magnetic field
may be produced from a relatively small initial
field merely by building a flux compressor with
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both hole B and the piston very large compared *
to hole 4.

It is of course advantageous to trap as large
an initial flux as possible. Making the field B,
of the copper solenoid larger will accomplish
this, but can become very difficult for larger
fields. A more convenient method of trapping a
large flux is to place soft iron rods through holes
A and B while the solenoid is on and before the
superconducting block is cooled blew its critical
temperature. The iron rods give a low reluc-
tance path for the flux and thus increase the
total flux through the holes in the block. After
the superconducting block is cooled, the mag-
netic field of the solenoid can be turned off, then
the iron rods can be withdrawn and the super-
conducting piston inserted into hole B. Using
a technique similar to this, fields of 23.5 Kgauss
have been produced with superconductors made
of Nby,Sn. If attempts are made to compress
magnetic fields larger than 23.5 Kgauss, the su-
perconductor goes normal, the magnetic flux
leaks out of the holes in the block, and the field
decays very rapidly to a value of only 2 to 5
Kgauss.

A Cyclic Flux Pump

As was shown above, the compression ratio
obtained by flux compression is the ratio of the
cross-sectional area available to the trapped
flux before the superconducting piston is in-
serted, to the cross-sectional area available to the
trapped flux after the piston is inserted.
Therefore, in order to produce a high field in
a large working area, it is necessary to have
a very large compression chamber and piston.
Tt is obvious that this arrangement can become
extremely cumbersome. This troublesome re-
quirement can be alleviated, however, by the
addition of two superconducting valves to a
compressor similar to the one described above.
This makes it possible to obtain a large increase
in the magnetic field without a very large com-
pression chamber,

Figure 66-2 shows a picture of a cyclic super-
conducting flux pump fitted with two supercon-
ducting valves. The flux pump is constructed
from a block of 99.6% niobium, 1.90 cm thick
and 4.14 cm in diameter. There are two large

cylindrical holes drilled through the block, one
of 0.96 cm diameter, the compression chamber,
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PISTON

FioURE 66-1.—A NbeSn superconducting flux compressor and piston.

and the other hole 2.38 em diam, the experi-
mental or probe chamber. In addition, very
small holes are drilled into the wall which sep-
arates the two chambers, and also in the outside
wall of the compression chamber. Nichrome
heating wires are placed in these small holes.
When a small voltage is applied to these heat-
ing wires, the temperature of the niobium is
raised above the critical temperature and the
niobium cylinder 2.12 em long and 0.89 cm diam
changes from the superconducting state to the
normal state. The two superconducting valves
can, therefore, be open or closed to let magnetic
flux into or out of a particular chamber. A
niobium cylinder 2.12 em long and 0.98 ¢cm diam
is used as a superconducting piston to compress
the flux in the compression chamber. The se-
quence of operation of the valves and the piston
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is the following: the entire system is brought
to the superconducting state with liquid helium
in the presence of an external field B,, with both
valves closed (superconducting), and the piston
withdrawn from the compression chamber.
The superconducting piston is then inserted
into the compression chamber and the flux
which was trapped in the compression chamber
is compressed into the narrow annular region
between the walls of the chamber and the piston
to produce the resulting magnetic field

1
A

1-—-=2

A,

B=B,

where A, is the cross-sectional area of the pis-
ton and A, is the cross-sectional area of the
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" COMPRESSION
CHAMBER

VALVE |

VALVE 2

PISTON

FiaUure 66-2.—A niobium superconducting cyclic flux pump and piston.

compression chamber. Valve 2 is then opened
to enable the compressed flux to enter the probe
or experimental chamber. (Actually, the flux
is shared by the probe chamber and the annular
region between the compressor wall and the
piston). Valve 2 is then closed, isolating the
two chambers, the piston is withdrawn from
the compression chamber, and valve 1 is then
opened. When valve 1 is opened, more magnetic
flux from the ambient field enters the compres-
sion chamber; valve 1 is then closed, trapping
this flux in the compression chamber. The
piston is again inserted and the cyclic operation
is repeated. With the completion of each cycle,
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the flux within the probe chamber increases
until the magnetic field within the probe cham-
ber is identical to that in the compression
chamber during the compression phase. Thus,
the maximum field that can be produced in the
probe chamber is given by Eq. (2).

Figure 66-3 shows the results for several such
experiments carried out in different external
fields with the 99.6% niobium flux pump. Ad-
ditional experiments have been performed with
cyclic NbySn flux pumps, which obtained a field
of 10 Kgauss. This field is less than was antic-
ipated because of flux penetration into the
walls of the superconductor.
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F16URE 66-3.—A plot of magnetic fleld in probe cham-
ber vs. cycles of operation for niobium flux pump.

A flux pump was also constructed out of two
coils of 10 mil Nb,Zr wire as is shown in Fig.
66—4. The coils were 1.2 cm in diameter and 4
cm in length, the superconducting piston was
a 1.0 cm diam niobium cylinder 5 cm long. This
flux pump was operated in a manner similar to
the block of niobium pump. The results are
shown in Fig. 66-5.

The Nb,Zr flux pump has been operated as
a “magnetic vacuum pump”, that is, to pump
magnetic flux out of the probe chamber. This
was accomplished by merely changing the se-
quence of opening and closing the valves. The

VALVE 2
VALVE |

PROBE COl

¥

TowPRESSOR

I

|

FIGURE 66-4.—A NbiZr coil cyclic flux pump.

FIELDS BY FLUX COMPRESSION

F1ouRe 66-5.—A plot of magnetic field in probe coil
vs. cycles of operation for NbsZr flux pump.

Z component of the trapped field (the compo-
nent along the axis of the coil) was pumped
down from approximately 600 milligauss (the
Earth’s field in the laboratory) to 0.2 milli-
gauss. Figure 66-6 shows a plot of Z compo-
nent of the magnetic field vs. cycles of opera-
tion. The 0.2 milligauss field was extremely
stable and showed changes of less than 10 mil-
ligauss when the field external to the coil was
varied several gauss.

= - — 1\ nb,7r COIL VACUUM FUMP

F16URE 66-6.—A plot of magnetic fleld in probe coil vs.
cycles of operation for Nb.Zr ‘“vacuum pump.”
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Penetration of Magnetic Flux Into Nb,Sn

A superconducting flux compressor, similar
to the one described above, has been used to
measure the penetration of magnetic flux into
the superconductor Nb,Sn (Ref. 12 and 13).

The compression ratio « is defined as the
ratio of the magnetic field measured in the
probe chamber after compression to the origi-
nal magnetic field trapped in the flux compres-
sor. If the magnetic flux trapped in the two
connected holes in the superconductor is con-
served during compression, and if the flux does
not penetrate the walls of the supercorductor,
then an ideal compression ratio «, can be cal-
culated from the known dimensions of the two
holes and the piston:

R
=R+ Fj—F; ®

where R, and R, are the radii of the compres-
sion role and probe hole respectively, and &
is the radius of the piston. The flux pump used
in the experiment has the dimensions: compres-
sion hole 1.650 cm radius, piston 1.610 cm ra-
dius, and the probe hole 0.500 cm radius. A
compression ratio «,=7.94 is obtained when
these dimensions are used in Eq. 3.

Figure 66-7 shows a plot of the experimen-
tal compressor ratio « versus the magnetic field
compressed into the probe hole. It is observed

that a compression ratio of 7.5 is obtained at
low fields which compare favorably to the cal-
culated compression ratio a«,. However, at
larger fields the compression ratio decreases
steadily and is only 2.06 at 23.1 Kg.

It is observed that when the piston is removed
from the compression hole the magnetic field
returns to approximately the initial value
trapped in the two holes. This indicates that
the flux does not escape from the compressor.
The decrease in compression ratio with increas-
ing magnetic field does indicate that the mag-
netic flux penetrates a small distance into the
walls of the compressor and the piston, and
that this penetration is field dependent.

If it is assumed that the magnetic field pene-
trates a distance 8§ into the superconducting
material, that is

B‘nt= B 5>r>7‘o
Byu=0 r>8 4)

where B, is the field in the superconducting
material, B is the field compressed in the holes,
and 7 is the distance along the radius of the hole
(r=r, at the interface), then the penetration
depth 8 and the experimentally measured com-
pression ratio « are related by

_ __Ri+R} ,
“—Ri’—l-R%—R%+62+26(R1+R2+R;)

(%)

b L

—_COMPRESSION
RATIO

FIcURE 66-7.—A plot of compression ratio of flux com-
pressor vs. compressed magnetic field.

"~ PENETRATION OF FIELD — T
oif— INTO NbgSn —

§ PENETRATION — e - —
DEPTH, €/ i

lzl?

0.0t

F1eURE 66-8.—A plot of penetration depth in Nb:Sn vs.
magnetic field.
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' Figure 66-8 shows a plot of the penetration 5(b)=ae*® (6)
parameter & computed from Eq. (5) vs. the
magnetic field compressed into the probe hole. where a=2.8%10"% ¢m and b = 1.7X107*
For the Nb,Sn used in the experiment the  gauss™!, gives a good approximation to the
equation experimental data.
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